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I. Research Objectives and Potential Impact on Propulsion 


The overall objective of our research is the development of a fundamental 
understanding of the ignition and combustion of alummurn-based slur^ (or gel) 
propellant droplets using a combination of experiment and analysis. Specific 
objectives are .the following: 


1. The development and application of a burner/spray rig and single 
particle optical diagnostics to study the detailed ignition and 
combustion behavior of small (10-75 pm) droplets, typical of those 
encountered in practical applications. 


2. Understanding the role of surfactants and gellants 

in promoting or inhibiting secondary atomization of propellant droplets. 


3 The extension of previously developed analytical models and the 
development of new models to address the phenomena associated 
with microexplosions (secondary atomization). 


Slurry or gelled propellants in which a solid constituent is suspended in a 
combustible liquid have been of interest for propulsion applications for a ® ever ® 
decades Depending upon the application, these propellants are advantageous ; 
because of either their energy content per unit mass or per unit volume. Many solid 
chemical elements are attractive for formulating slurry or gelled propellants. For 
example carbon, aluminum, and boron all offer substantial increases in vokimetnc 
heat of combustion compared to hydrocarbon fuels, while on a gravimetric basis, only 
boron provides an increased heating value [1]. 

For rocket applications, specific impulse and mass density wntrol the Payload 
caoabilitv for a fixed vehicle configuration. Thus, high mass density propellant 
systems^ such as AlfRP-1 /O 2 . became attractive to consider 

conventional propellant systems. Zurawski and w tor°an 
fuel has the potential of delivering 17% more payload than a pure RP-1 fuel for an 

upper-stage vehicle mission. 

Several key technical issues impact the use of AI/RP-1 slurries or gels in 
nrnnulsion svstems. Among these are rheological properties and ignition and 
combustion characteristics. In the area of rheology, questions concerning the proper 
formulation to provide a stable easily pumpable slurry with acceptable spray 
chZfleristics remain unanswered. With regard to ignition and combustton. the issue 
ot^nce n s the relatively long residence times associated with 'base processes and 
two-phase flow losses. These issues are the focus ot our research We have found in 
previous studies of AI/JP-10 slurries that the additives used to produce desirable 
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rheological properties impact on the ignition characteristics [31. For example the 

HmnSc of . surfactan . ts t0 a slurr V blend tend t0 promote the break up of burning slurry 

rirnSL riin? 3 'T u Umber of sma,ler droplets - The a| uminum in these small 7 
drops readily ignites and burns rapidly. In addition, the particle sizes of the aluminum 

oxide products are smaller, thus decreasing two-phase flow losses. Achieving the 
research objectives will provide detailed knowledge of the effect of blending agents on 
ignition and combustion of slurry fuels. This information will help lead to fornication of 
propellants which provide an optimum combination, or an intelligent trade-off of 

c ° mbus ! l0n characteristics. Moreover, understanding and being able 
to predict ignition times for small droplets will provide guidelines for feasibility and 
developmental studies of metallized propellant engine systems prior to the ’ 
construction of costly demonstration hardware. 


II. Current Status and Results 

„ iihr a t?n U nnf ff t°h , l S o date have focused primari| y on the design, fabrication, set-up, and 
calibration of the various experimental systems required to study the ignition and 

combustion of 10-100 pm diameter slurry droplets. The major systems are the 

in U Fia e ri Pr a a nd r ? of these systems are shown 

m rigs. 1 and 2, respectively. The design objectives for the burner/sprav rio were to 

p ™ de a IT"' h r 09eneous P° sMla ™ re gion 'or slurry lgnS; fo allow 
flashback-free operation over a range of stoichiometries while operating with oxidizers 

Ltm?I n9 h r ° m , air t0 2 00% oxygen] t0 isolate the post-flame gases from the ambient 
atmosphere, to produce a spray of aluminum slurry droplets varying in size from 

nnctT' mately 1 0 t0 !?° pm in diameter and introduce a portion of this spray into the 

fraversTa burner sunnnn P Th*® f ° r ,ixedmou K ntin 9 of 'aser optics through the use of a 
traversing burner support. A burner meeting these requirements was desion^d 

fabncatecl. and installed in the laboratory. The system ii 
performance is currently being evaluated. The burner head is based on a desian 
discussed in Ref. [4J. Gaseous fuel enters the base of the burner and passes tluouah 
r ha mhp f * °p nnfl h that distributes the gas around the perimeter 0 P f a fuel 9 

chamber From here, the fuel passes through 72 stainless steel tubes and exits the 
burner at the top surface of a honeycomb matrix. The oxidizing gas enters the middle 
section of the burner and passes through another dispersion ring above the manifold 

5£ 9a h ,he r ,lows up around ,he 72 *»' tubes and Ih^tte o^n cells?? 

the honeycomb matnx surrounding these tubes. This configuration results in a small 
lanmnar, diffusion flame at the exit of each fuel tube. These flames meme ZST ' 

d nnS?noL e r X ? e H .K PPr0Ximal '° n °' a P r0 ' mil<e<1 ' laminar, flat (lame 9 Slurry V 
droplets generated in the spray chamber at the bottom of the burner pass throuoh a 

tube located along the centerline ot the burner and exit into the^producrt gases 
Jb® apray n ° z2,e is Ot the gas atomizing type and was selected based on work with 
coal/water slurnes [5]. Initial testing with water showed that the system delivers 
droplets of the desired size range into the hot product stream. 

The principal diagnostic being used to study droplet ignition burnina and 
secon ary atomization is a laser-based sizing and velocity measurement system By 
measuring the evolution of the drop-size distribution with distance downstream of the 
burner face, we will be able to ascertain whether the droplets 
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FIG. 1 . Burner and spray rig. 


POWER 



FIG. 2. Optical system for particle sizing and velocity measurements. 
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or if they disrupt. The laser light scattering system designed and built to accomDlish 
these measurements is shown in Fig. 2. In principle, the two-color laser S Srino 
technique [6] operates as follows: droplets pass through the 350 pm diameter waist of 
a ocused Ar-ion laser beam. Light scattered by the droplets in the forward direction is 
re ated to particle size, with larger particles producing a larger signal. Because of the 
aussian distribution of light intensity in the laser beam, only data from droplets that 

“ S 9h , h h ! h be , am ^ cen,er Sh , OU J d be acce P ted - This eliminates the acuity 
associated with the light scattered by droplets passing through the edge of the beam 

of f d |°f le1 31 the . edge of the beam would scatter the same amount 

hi Sma drop ? passing through the center. To accomplish this 

sc immation, a second beam from a He-Ne laser is aligned concentrically with the 
Ar-ion beam, but focused to a much smaller waist of approximately 80 urn. 
aniTaf ;!fn k ° f the time-dependent signals associated with scattering of the He-Ne 
the ^Ar-iin bearJT 5 determmeS Whether the dro P let P assed through the central region of 

"H)® beterminal i° n of the particle size is accomplished by a calibration of the 
ttered intensity associated with light diffracted through pinholes of known size and 
y performing measurements in a stream of monodisperse water droplets Droplets of 

"f a Berg'und-Liu droplet generator. Resulls oU t?pica° 
? l2 f calibration are shown in Fig. 3. In addition to obtaining information on 
d ™ p ’ e t s ' ze ’ knowing the beam diameter readily permits the calculation of droplet 
velocity from the droplet time-of-flight through the beam. Figure 4 illustrates a typical 

Thi a nfar rS H S * t,m V raCe f ° r 3 90 P m water drop,et P assin 9 through the probe volume 
The peak voltage of approximately 5.5 volts from the upper trace provides the size 

“Z &? lb , r ? 0n i CU ^ e in Fi9 ' 3 ->- The dropletvelocitjT romputeVfr^om the 
c d L trac ® ls 1 ^ m ^ s ' The signal validation pulse associated with the liaht 

^^ary scattering gST ^ * "" ^ ~ & 


III. 


Proposed Work for Coming Year 


During the next 12-month period, the following tasks are planned: 

Task 1. Completion of software development for data acquisition and signal 
processing. a 

Task 2. Integrated operation of the complete system (burner, spray rig 

particle sizing and velocimetry systems, data acquisition, and data 
processing) using pure liquids and aluminum slurry fuels. 


Task 3. Perform screening study to establish which slurry formulation should 
be used as a baseline. 

Task 4. Conduct parametric study using baseline slurry. 

Task 5. Begin modeling effort. 
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Task 1 . At present, our data acquisition capability is limited to obtaining 
voltage-versus-time records for the scattering signals associated with the transit of a 
single particle through the focal volume. Software for a main menu control has been 
written which provides set-up of the acquisition parameters for all A/D boards. The 
following describes the software that will be completed in the early portion of the 
upcoming year. The data collection software performs the signal validation and 
records the pulse height and width of the Ar-ion signal and whether or not the particle 
was ignited. Signal validation involves checking for the presence of multiple particles 
in the probe volume, peak saturation, pulse shape, and whether the Ar-ion pulse is 
completely contained within the data sample taken. The program will only accept 
complete single particle signals for analysis, rejecting all other data. The peak and the 
leading and trailing edges of the Ar-ion signal also are located at this time. The Ar-ion 
signal pulse width is then calculated, and the pertinent information is passed to 
storage. This extraction of the critical information from the signal drastically reduces 
the disk space required to define a single particle, making possible the storage of a 
large number of samples. The data analysis portion of the software reads particle data 
from a specified file and performs the necessary sizing and velocity calculations based 
on drop-size calibrations of the laser system. After this is done, the results are written 
to a second data file for further statistical and graphical analysis. 

X a$k 2 . This task is the final shakedown of the complete experimental system. 
Initial experiments will be conducted with pure liquids to simplify fuel handling. The 
burner operation limits will be investigated to determine maximum and minimum gas 
velocities that can be achieved with different mixture fractions and oxygen content of 
the oxidizer stream. 

I2£k_3- At present, three Al/hydrocarbon gelled fuels are available: a 55 wt. % 
AI/RP-l fuel formulated by Sun Advanced Research and Marketing; a 53.8 wt. % 
AI/RP-l blend formulated by TRW Space & Technology Group; and a 55 wt. % AI/RP-1 
gelled fuel from Aerojet TechSystems. Different blending agents were used in each of 
these formulations, so each fuel is likely to exhibit different secondary atomization 
characteristics. Tests will be conducted on each blend to ascertain which fuel 
provides the best secondary atomization characteristics for a limited set of test 
conditions. The fuel selected will be used in the following task. 

Task 4 - Using the baseline fuel, an extensive set of parametric experiments will 
be earned out. These experiments will explore the effects of the hot gas environment 
on secondary atomization. The parameters to be investigated include: gas 
temperature, oxygen concentration, and residence time. A second set of experiments 
will be planned to investigate the effects of the minor constituents in the fuel blends on 
secondary atomization. 

Task 5 - In support of the experimental efforts in Task 4, data will be analyzed 
using codes which predict droplet ignition and combustion times. Existing codes are 
presently being modified for this task. A physical model for crust formation on slurry 
droplets during the RP-1 burnout phase will be formulated, and the appropriate 
conservation laws applied. 
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